Isorhamnetin (Iso) exhibits antitumor effects in promyelotic leukemia and lung cancers. However, its effect in liver cancer is not clear. This study explored the effects of Iso in human liver cancer cells and profiled the differential proteins upon Iso treatment, which contributes to a better understanding of its anticancer mechanisms. Stable isotope labeling with amino acids in cell culture-mass spectrometry: ESI-Iontrap (SILAC-MS) was used to study the differentially proteomic profile of Iso-treated HepG2 cells. Iso inhibits HepG2 cell proliferation in a dose-dependent manner. A total of 84 proteins are identified, among which 7 proteins were up-regulated while 77 proteins were down-regulated. Iso inhibits HepG2 cell proliferation by the induction of apoptosis and the inhibition of protein synthesis of human liver cancer cell.
INTRODUCTION
Isorhamnetin (Iso) is a flavonol extracted from the herbs: Ginkgo biloba Linne and Persicaria thumbergii H. Gross (Ma et al., 2007; Lee et al., 2008) . Besides its cardiovascular protective effect, Iso has been demonstrated to exhibit remarkable anti-tumor effects in a range of human cancers. For example, Iso was found to have anti-proliferation effects in lung cancer cells in vitro and in vivo, by down-regulation of oncogenes and upregulation of apoptotic genes (Manu et al., 2015) . A clinical trial examining the roles of diet in preventing colorectal adenoma recurrence found that Iso-rich diet was connected with a reduced risk of advanced adenoma recurrence (Bobe et al., 2008) . Another paper reported that supplementing the diet with Iso remarkably decreased colorectal tumorigenesis in the mice (Saud et al., 2013) . Iso affected cell proliferation, cell death, and cell cycle of human colon cancer cell: HCT-116 suggesting its possible therapeutic role in human colon cancer (Jaramillo et al., 2010) . Furthermore, Iso was shown to present significant anti-tumor effects in gastric cancer, breast cancer and skin cancer (Manu et al., 2015; Li et al., 2015; Hu et al., 2015; Kim et al., 2011) .
Liver cancer is the leading cause of cancer-related death in China and the survival benefit of current therapeutic drugs for liver cancer is unsatisfied. In addition, previous study showed that quercetin can suppress the growth of liver solid tumor in murine model (Yuan et al., 2006) . As the metabolite of quercetin which contributes its anti-cancer functions, Iso has been shown to induce apoptosis in human HL-60 cells more effectively than quercetin in vitro (Hibasami et al., 2005) . In vivo study conducted by Lee et al. (2008) revealed that Iso significantly suppressed Lewis lung cancer growth at a dose that is at least one order of magnitude lower than quercetin by i.p. injection (Lee et al., 2008) . These results support that the anti-cancer effect of quercetin may in large part be mediated by Iso (Shimoi et al., 2003; Hibasami et al. 2005; Park et al., 2005; Lee et al., 2008) . Previous study showed that quercetin can suppress the growth of liver solid tumor in murine model (Yuan et al., 2006) . Iso is probably more effective in liver cancer than quercetin itself since it was reported that the metabolite of quercetin which contributed its anti-cancer functions Morand et al., 1998) . Therefore human hepatoma cell line (HepG2) was chosen to study the anti-tumor effects of Iso. Stable isotope labeling by amino acids in cell culture (SILAC) combined with mass spectrometry (MS) analysis provides a powerful tool to identify and quantify complex protein samples (Zhu et al., 2002; Ong et al., 2002; Ong et al., 2003) . Compared with traditional 2-DE technique, it obtains more abundant quantitative information and has been used more extensively than ever (Sun et al., 2008; Pan et al., 2009; Prokhorova et al., 2009) . In SILAC experiments, one cell population is grown in the normal medium with normal (light) amino acid while another population in the same medium with isotopic (heavy) amino acid, for example labelling medium. Cell features, such as cell morphology, cell doubling time, and cell differentiation of the two populations are same. Therefore the intensity ratio of the pair of "light" and "heavy" peaks in the peptide mass spectrum could reflect protein quantitative level under different conditions (Ong et al., 2002) .
Here we found that Iso is able to inhibit HepG2 cell proliferation in a dose-dependent manner. Then we applied SILAC-ESI Iontrap technique to profile the proteomic picture of HepG2 cells treated with Iso. Totally 84 proteins changed after the treatment with 50 μM Iso for 48 h. Revealing the differential proteins caused by Iso treatment will contribute to a better understanding of its anticancer mechanisms in liver cancer.
MATERIALS AND METHODS
Iso was a gift from Chengdu Di Ao pharmaceutical group. Dimethyl sulfoxide (DMSO), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) was purchased from Sigma Chemical Corporation. SILAC TM protein identification and quantitation medium kit with 13 C6-L-Lysine (*Lys), RPMI1640 and fetal bovine serum (FBS) were obtained from Invitrogen Corporation.
Cell culture and labelling
HepG2 was obtained from the American Type Culture Collection (ATCC) and cultured in RPMI1640 with 10% dialyzed FBS, antibiotics and 0.1 mg/ml 13 C6-L-Lysine, 0.1 mg/ml 12 C6-L-Arginine (labelling medium) at 37°C under 5% CO2. The medium was replaced every 2-3 days, and cells were passaged until 80-90% confluency. β-actin protein was used to check the labelling efficiency by ESI-Quad-TOF. Cells were passaged at least 20 generations to obtain 95% labeling efficiency.
MTT assay
HepG2 cells were seeded into a 96-well plate at a density of 1×10 4 /well. On the next day, the plate was added with various concentrations of Iso (158, 52.67, 17.56, 5.85, 1.95, 0.65, 0.22μM) and incubated at 37℃ under 5% CO2 for 48 h. Each concentration repeated 4 times. Then, 10 μL MTT (5 mg/ml) was added. After 2-3 h, the medium was removed and 100 μL DMSO was added to dissolve formazan precipitate for 10 min. The absorbance at 570 nm was measured on a spectra max MS (MDC, Sunnyvale, CA, USA). Cell viability was calculated as a percentage of viable cells in Iso treated group versus untreated control by the following
Sample preparation and in-gel digestion
The labelled cells were incubated in the labelling medium containing 50 μM Iso, while the control cells were grown in the normal RPMI1640 medium. Iso treated cells and control cells were collected after 48 h, followed by 3 times wash with PBS. Total protein was extracted with RIPA buffer [10 mM Tris-Cl (pH 8.0), 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140 mM NaCl, protease inhibitor cocktail]. Protein concentration was determined by Pierce BCA Protein Assay Kit (Rockford, IL, USA). Same amount of protein from each sample were mixed, and separated on a 12% SDS-PAGE followed by Coomassie Blue R250 staining. The lanes were excised horizontally into 20-25 sections. The sections were cut into small pieces and subjected to in-gel tryptic digestion with mass spectrometry grade trypsin (Promega, Madison, WI, USA) as described (Patrick et al., 2004) .
MS analysis and protein quantification
The incorporation of 13 C6-L-Lysine into β-actin protein was detected by ESI-Quad-TOF system, including a nano-ultra performance liquid chromatography and a quadrupole time-of-flight tandem mass spectrometer (UPLC-Q-TOF, Waters, USA) coupled with the electrospray ionization (ESI) source. Peptides were re-dissolved in 50% acetonitrile (ACN)/0.1% trifluoroacetic acid (TFA) and analyzed with reverse phase liquid chromatography followed by tandem mass spectrometry (LC-MS/MS). The MS/MS data (pkl files) acquired by ProteinLynx V2.25 software (Waters) was analyzed with Mascot 2.0 program (MatrixScience Ltd., London).
HepG2 cells upon Iso treatment was analyzed by Agilent 1100 HPLC-Chip/MS system. The peptide mixture (7 μL in 0.5% TFA solution) was first concentrated and washed at 4 μL/min in 40 nL enrichment column (Agilent Technologies Chip), with 5% acetonitrile as eluent. The sample was then fractionated on a C18 reversephase capillary column (75 μm × 43 mm in the Agilent Technologies Chip) at a flow rate of 300 nl/min. Solvent A was 0.1% formic acid and solvent B was acetonitrile with 0.1% formic acid. The gradient of the analytical pump started with 5% B, reached 20% B after 2 min and 45% B after 10 min, and 75% B after 2 min. One minute later solvent B was 95% B for 4 min, then it was set back to 5% with a post run time of 5 min at 5% B.
Elution was monitored on the mass spectrometers with a splitting device. Peptides were analyzed using data-dependent acquisition of one MS scan followed by MS/MS scans. An Agilent 6330 Ion Trap LC/MS was used for MS and MSn data acquisition. The ion trap analysis was performed in positive mode. The drying gas flow was 3 L/min of nitrogen. The drying gas temperature was 325ºC. Capillary voltage was set at -2050 V with an endplate offset of -500 V. Skimmer was at 40 V, capillary exit was 95.8 V and trap drive was 88.1 V. Scan mode was std/Enhanced. Scan range was 300-1600 m/z (MS) and 300-1600 m/z (MS/MS).
Ion Charge Control (ICC) parameters were Target of 500,000; maximum accumulation time of 150 m; Averages was 2.
Automatic MS2 conditions were number of precursors: 3; Active exclusion: on, exclude after 2 spectra, release after 1 min; Abs. threshold auto MS2 was 500,000; Rel. threshold auto MS2 was 5%.
Data analysis
Spectrum mill MS proteomics workbench version A.03.03 was used, which is a collection of tools for high throughput processing of MS and MS/MS spectra. Data was extracted with the following parameters: MH + 600-4000 Da, scan time range from 0-300 min, sequence tag length >1, Maximum (Z) is set as 3, and minimum MS S/N is 25. Tick the option: find 12 C. The MS/MS search was governed by the following parameters: batch size: 81, max reported hits: 5, database: ipi.HUMAN.v3.43. fasta, digest: trypsin, maxium missed cleavages: 2, protein PI: from 3 to 10, carbamidomethylation (C) in fixed modifications, minimum scored peak intensity: 50%, instrument: Agilent ESI ion trap, masses are monoisotopic, precursor mass tolerance:±2.5Da and product mass tolerance:±0.6 Da. Maximum ambiguous precursor charge was 3. At the same time, the reversed database scores are determined automatically with Spectrum mill MS proteomics workbench version A.03.03 (Agilent Technologies).
Protein abundance was expressed as a ratio of the peak intensity of the fragment ions from the labeled versus the unlabeled peptides. Ratios were calculated from the average of all quantified peptides for a single protein. We filtered peptides by peptide score >6, %SPI>70%. We defined the cut-off ratio value of 1.8 which is at least 2.5 times the average standard variation of all quantified proteins. In other words, only the quantified proteins, with ratio over 1.8 or below 0.8, were defined as the significantly changed proteins. Subcellular location and functional analysis were performed according to component and process annotation in Gene Ontology (GO, www.geneontology.org).
Validation of some differential protein expression with realtime fluorescence quantitative RT-PCR and Western blotting

Real-time fluorescence quantitative RT-PCR
HepG2 cells were seeded in a 6-well plate (1 x 10 6 cells/well) and cultured for 24 h in RPMI1640 medium supplemented with 10% FBS followed by a further 48 h culture with 50 μM Iso. Total RNA isolated from the control and treated cells using acid guanidinium thiocyanate/phenol/chloroform was amplified by real-time PCR using an i-Cycler System (Bio-Rad, Hercules, CA, USA) with Prime Dissociation curves were examined to ensure the absence of primer dimers. Amplified products were resolved by electrophoresis on 2% agarose gels to confirm a single band. The amplification efficiency was generated from standard curves using serial diluted cDNA templates. The cDNAs were quantified by taking 18S rRNA as the internal reference with results expressed as levels relative to controls.
Western blotting analysis
HepG2 cells were seeded in a 6-well plate (1x10 6 cells/well) and cultured for 24 h in RPMI1640 medium supplemented with 10% FBS followed by a further 48 h culture with 50 μM Iso. Total cell protein was extracted with RIPA buffer [10 mM Tris-Cl (pH 8.0), 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140 mM NaCl, protease inhibitor cocktail]. The extracts (30 μg) were separated by 12% SDS-PAGE, and transferred onto PVDF membranes (Millipore, Bedford, MA, USA). Membranes were incubated with anti-H1b antibody (1:200, Cell Signaling Technology, Beverly, MA, USA) or anti-Cdk2, RBMX antibody (1:500, Abcam, Cambridge, UK), and then with anti-rabbit IgG conjugated with horseradish peroxidase (1:5000, Cell Signaling Technology, Beverly, MA, USA). Immuno-reactive bands were detected by Pierce ECL detection system (Rockford, IL, USA).
RESULTS
C 6 -L-Lysine labelled HepG2 cells are identified by detecting labelling efficiency
The labelling efficiency of HepG2 cells was assessed by detecting 13 C 6 -L-Lysine in the peptides of the housekeeping protein: β-actin. Two lysine-containing peptide pairs: the light isotope (m/z 590.3096, 3+) and the corresponding heavy one (m/z 592.3268, 3+) as shown in the Figure 1A ; the light (m/z 978.4738, 3+) and the heavy (m/z 980.5278, 3+) in the Figure 1B 
Iso reduces HepG2 cell viabilities in a dosedependent way
In order to optimize Iso concentration, a dose-dependent experiment was carried out in HepG2 cells (Figure 2 ). Cell viability decreased gradually with the increase of Iso concentration. The IC 50 value of Iso (50 μM) was chosen to treat labelled HepG2 cells for 48 h in the following quantitative analysis.
Protein identification and quantification
To characterize the differentially expressed proteins upon Iso treatment, normal HepG2 cell lysates (Light) and labelled HepG2 cell lysates exposed to 50 μM Iso for 48 h (heavy) were mixed at equal amount (30 μg each) and separated by SDS-PAGE. Each lane of the SDS-PAGE was excised into 25 sections followed by in-gel digestion, and then the samples were analyzed with Agilent 1100 HPLC-Chip/MS system. The average standard deviation (SD) of the isotopic intensity ratios (Light/ Heavy) was 0.7 for all identified proteins. The cut-off ratio was defined as 1.8 (2.5╳SD). Only 84 proteins displayed significant change of their expression level upon Iso treatment. Furthermore, the resulting quantitative proteome had an asymmetric distribution, with 77 proteins down-regulated and 7 proteins up-regulated (Table 1) .
Function and location analysis of differential proteins
The significantly changed proteins due to Iso treatment in HepG2 cells were annotated by GO component and biological process ( Figure 3A and B). The differential proteins were found to be located in cytoplasm (39%), nucleus (32%) and mitochondria (9.4%). Almost half of the proteins that is 48% are associated with protein synthesis, folding and secretion as well as mRNA processing and transport suggested by function analysis. Proteins accounting for the second large part (14%) are involved in energy-yielding processes such as glycolysis and tricarboxylic acid cycle (TCA), electron transport and ATP synthesis in mitochondria. In addition, 10% of the proteins regulate cell cycle, proliferation and 8% play roles in cell adhesion, and morphogenesis. It was noticed that protein location distribution as shown in Figure 3A is consistent with their functions, for example proteins involved in the regulation of the processes such as protein synthesis, energy production, are located in cytoplasm, nucleus and mitochondria. mammalian species after oral administration. Both quercetin and isorhamnetin exhibited anti-oxidant activities, and have been reported to be protective against oxidative stress-related chronic diseases, including cardiovascular diseases, diabetes, and cancer (Hursting, 1999; Murota and Terao, 2003; Manu et al., 2015; Li et al., 2015; Hu et al., 2015; Ramachandran et al., 2012; Kim et al., 2011; Saud et al., 2013; Jaramillo et al., 2010; Bobe et al., 2008) . Iso was capable of enhancing the in vivo and in vitro anti-tumor effect of capeciatbine in gastric cancer (Manu et al., 2015) . Iso inhibited the proliferation and invasion of cancer cells, and induced apoptosis in gastric cancer, but demonstrated minimal effect on the normal cells (Ramachandran et al., 2012) . In terms of hepatocellular carcinoma, Iso was found to be cytotoxic at very low doses in contrast to quercetin (Choi et al., 2010) . Furthermore, Iso induced apoptosis in BEL-7402 cells, a hepatocellular carcinoma, in a dose-and time-dependent way (Teng et al., 2006) . Previous reports generally focused on single or several related proteins in Iso treated cancer cells (Ma et al., 2007; Lee et al., 2008; Manu et al., 2015; Li et al., 2015; Hu et al., 2015; Ramachandran et al., 2012; Kim et al., 2011; Saud et al., 2013; Jaramillo et al., 2010; Bobe et al., 2008) . No studies to our knowledge were focused on the proteomic analysis of Iso effects on hepatocellular carcinoma. Here protein expression profiles of HepG2 cells upon Iso treatment was examined by quantitative approach (SILAC-MS), aiming to obtain some valuable insights on the anti-cancer mechanisms of Iso. Chaperon proteins, including heat shock protein, T-complex polypeptide accounted for 14% of down-regulated proteins upon Iso treatment, which was similar as quercetin effects in HepG2 cells (Zhou et al., 2009) . The downregulation of HSP90 expression upon Iso treatment was further confirmed by quantitative RT-PCR ( Figure  4A ). Both HSP and CCT are molecular chaperones responsible for the regulation of protein folding to ensure correct conformation, translocation and consequently avoid protein aggregation. Iso was reported to serve as an anticancer agent by degrading oncogenic proteins via downregulation of HSP90 (Mahalingam et al., 2009) . Meanwhile Iso was able to induce cancer cell apoptosis and death by down-regulating Hsp90 expression (Zhou et al., 2009; Wei et al., 1994; Yuan et al., 2006; Aalinkeel et al., 2008; Dihal et al., 2008) . For example, quercetin down-regulates the expression of Hsp90 which induces cell growth inhibition and cell death in prostate cancer cells while exerting no quantifiable effect on normal prostate epithelial cells (Aalinkeel et al., 2008) . Three out of 33 decreased proteins were heat shock proteins in colon mucosa from quercetin fed F344 rats revealed by proteomics technique (Dihal et al., 2008) . Iso affected cell energy metabolism, by decreasing proteins involved in glycolysis and tricarboxylic acid cycle (TCA).
Validation of the differential proteins with real-time fluorescence quantitative RT-PCR and Western blotting
Four glycolysis enzymes (α-enolase, triosephophate isomerase, glucose-6-phosphate isomerase, GAPDH) and two TCA enzymes (fumarate hydratase, acetyl-CoA acetyltransferase) were downregulated upon Iso treatment, thus resulting in the inhibition of ATP production. Similar results were reported by Dihal that 4 glycolysis enzymes were decreased in colon mucosa, suggesting impaired energy metabolism upon quercetin treatment in vivo (Dihal et al., 2008) . The results of Lee et al. (2008) revealed that both antiproliferation and apoptosis induction mediated anti-tumor activity of Iso in LLC cells. Ma et al. (2007) reported that Iso inhibited cell proliferation and induced apoptosis in Eca-109 cells. Our SILAC-MS findings show that Iso treatment triggered a series of events such as the inhibition of cell energy yields, mRNA processing, DNA repair and cell cycle arrest which are the consequences of cell apoptosis ( Table 1 ). The change of RBMX (related to the mRNA splicing and stability), Cdk2 (cell cycle regulation) expression revealed by SILAC-MS were further validated by quantitative RT-PCR and Western blotting ( Figure 4A and B) .
Besides apoptosis, Iso also hampered HepG2 cell proliferation through numerous mechanisms at different levels. For instance, ribosomal proteins were decreased. Proteins associated with amino acid transport and nucleosome assembly were also reduced. A significant decline in the amount of H1b and H1e histone illustrates that Iso was able to regulate cell protein synthesis at chromatin level considering the fact that histone H1 could have a regulatory role in gene transcription through the modulation of chromatin folding (Orrego et al., 2007 ). However, H1b mRNA level was increased while protein level was decreased with Iso treatment in this study, probably owing to negative regulation of H1b expression at post-transcriptional levels, for example translational or post-translational levels.
In contrast to previous studies on quercetin (Zhou et al., 2009) , there were some differences on protein profiles of Iso and quercetin. For example, to quercetin, the largest part of the changed proteins (about 23%) were related with signaling transduction, but our largest proportion (20%) were associated with protein synthesis, and few proteins were found to be involved in signaling transduction. The second large part (14%) was chaperon proteins with Iso stimulation, while 7% for quercetin. Regarding subcellular distribution of changed proteins, membrane proteins contained 11% for quercetin, while 6% for Iso. Iso seemed to affect cell metabolism more directly than quercetin since it affected wide range of proteins such as ribosomal proteins, proteins involved in amino acid transport and nucleosome assembly. It is possible that Iso may be more effective than quercetin in vivo in cancer therapy although they have similar IC 50 in vitro. Iso significantly suppressed the Lewis lung cancer growth at a dose that is at least one order of magnitude lower than quercetin (Lee et al., 2008) . However, these differences may result from different MS assay and amino acid for labelling, for example HPLC-Chip/MS system and Fei and Wei 87 lysine for Iso whereas ESI-Quad-TOF and leucine for quercetin, considering that relative abundance of lysine and leucine are different for proteins, but only those peptides containing the labelled amino acid can be quantified.
Conclusion
Iso had profound impacts on HepG2 cells, that is decreased ATP production, inhibition of mRNA process and DNA repair, blockage of cell cycle, affected transport, secretion and folding of the nascent proteins, which were probably due to apoptosis. On the other hand, Iso retarded cell proliferation through weakening protein synthesis in HepG2 cells by inhibiting ribosome assembly, and amino acid transportation. Based on our data, we could predict that anti-proliferation and apoptosis induction mediated anti-tumor activities of Iso.
